Measuring techniques for characterizing electronic streak tubes including dynamic range and resolution are described. A particular tube with a CCD imaging device within the envelope is described.
Introduction
The streak tube is becoming of increasing importance in many experimental applications as the experiments can be more quantitative with the device. The possibilities of replacing banks of oscilloscopes for multiple signal recording, to recording many independent fibreoptic channels directly, to tomographic time analysis of a two dimensional event have all lead to increased interest in these devices.
We are currently involved in evaluating different streak tubes from several different manufacturers.
In particular our concerns involve achieving more spatial resolution with good dynamic range coupled with large useable photocathodes. The highest time resolution has not been at the forefront of our interest.
Measuring techniques
The following parameters are presently being measured on prototype streak tubes: Dynamic Range, Linearity, Quantum efficiency over wavelength, Photocathode gain, Spatial resolution (Static & Dynamic), Temporal Resolution, and Extinction Ratio.
The measurement of Dynamic Range & Linearity can be usually done simultaneously and refer to the transfer characteristics relating input optical power or intensity to that output at the phosphor.1 A source of optical power, typically a flashlamp optoliner, is used to focus an image of a pinhole of different sizes onto the photocathode.
A series of neutral density filters permits different intensities in a well defined and calibrated fashion to be input into the tube under test.
If absolute optical power levels are required then insertion of a calibrated radiometer between the optical sourse and streak tube is necessary. Stability of the optical source and radiometer need to be verified if the testing is expected to take any substantial time. Dynamic range is measured by relating the input and output intensities. The output intensity (power) measurement will depend on the readout system used. SIT (Silicon Intensified Target Vidicon) or CCD cameras are the systems most commonly used for dynamic range measurements not requiring absolute power measurements. This is accomplished by digitizing a frame of video and performing the required analysis and association of relative intensity levels on the computer and an image processing system. The input intensity levels, if only relative, can be represented in forms of the neutral density filters used for adjusting the input intensity. In this manner the transfer characteristics relating input to output are quantitatively measured and easily related to determine the dynamic range and deviation from linearity. A representative plot is displayed in Figure 1 and refers to the Delli -Delti Picotron tube. Note that in this case, with the available equipment, it was impossible to bring this tube into saturation and was "linear" over at least a dynamic range of 1000:1.
The measurements of Quantum Efficiency & Photocathode Uniformity are most easily performed utilizing a constant intensity optical power source. Generally this is a Tungsten -Halogen lamp running at 1KW input power. The spectral range (350 -800 nm) is covered by discrete filters, each of which has approximately 60 nm FWHM bandpass at the center wavelength of each filter. A pinhole aperture is focused onto the photocathode. This image may vary in diameter and normally is not a factor since it is usually about 100 TM thereby eliminating any question of overfilling the photocathode or radiometer detector. This diameter also permits for easy mapping of the uniformity of photocathode response.
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The technique is to set up two separate configurations. The first involves biasing of the photocathode to a sufficient potential (ti300V) so as the allow collection of all photoelectrons ejected by the photocathode. All electrodes and grounds (other than the photocathode) are connected together.
The photoelectron current may be monitored either in the photocathode line or in the return consisting of all other electrodes. The photocurrent is measured with a high impedance picoammeter. The second step is to monitor the amount of optical power incident on the photocathode. An EG &G radiometer has been used and an overall 10 -15% error is associated with the quantum efficiency. By allowing for two orthogonal motions, this technique can be used to trace out the uniformity of the photocathode response. Figure 2 is such a map of response. The contour intervals are 10% intervals for the Picotron tube. Figure 3 is a representative plot of quantum efficiency at one particular point in the photocathode.
The determination of spatial resolution is a much more difficult problem. This is primarily due to the limiting resolution of readout system and the fact that the spatial resolution can be different along two orthogonal directions at the same point.
The experimental configuration consists of forming a well defined image of some resolution target onto the photocathode.
The resolution target used is usually a PRC -10 or preferably an Air Force test target when it is expected that the resolution will be different in different directions. The limiting resolution of the readout system must be known and understood in order to isolate the response of the streak tube alone.
In practice, a SIT or CCD system is optically (proximity) coupled to the output phosphor and the timing of the camera clock adjusted with respect to the system and sweep trigger so as to obtain a maximum signal to noise ratio. The projection of the resolution target is typically performed utilizing a "optoliner" with either a D.C. or flashlamp assembly. The flashlamp assembly with the integrating diffuser is quoted as being uniform to 3% over the field available.
Once proper optical and timing adjustments have been performed, the remaining procedure is straight forward, involving digitization of a frame of video, transmitting it to the image processor and thereby computing the MTF for each set of resolution data.
The digitization of a frame is accomplished with commercial hardware consisting of a LeCroy digitizer and memory an CAMAC link to a PDP -11 system. Data is recorded in the same fashion whether the measurement is in the "Static" or the "Streaked" mode.
The sweep rate obviously needs to be recorded in concert with the particular frame of video.
It has become evident with some streak systems that the resolution can be a strong function of position on the phosphor.
The previously quoted refer to the optimum or "best" resolution whether swept or not. Knowledge of the projected line pairs /mm is inferred by combining the measured magnification of the projection system along with the known resolution target size.
The accuracy of this determination is much better than the errors involved in the rest of the system, and, is therefore assumed to be exact.
A plot of MTF vs spatial frequency is displayed in Figure 4 . This again represents measurements performed on the Picotron B streak tube.
Temporal resolution as we attempt to measaure it is a measure of the impulse response of the system.
A block diagram of the experimental configuration is shown in Figure 5 . This measurement requires the generation of "short" optical pulses.
"Short" meaning times much less than the expected temporal resolution of the unit under test.
The shortest pulses available were 12 -15 picoseconds and were generated by driving a spectra physics dye laser (using Rodamin 6G) with a continuous stream of pulses from a spectra physics Kr+ laser.
The cavity dumper for the dye laser needs to be synchronized in some way with readout system and the sweep for the streak tube.
Each pulse from the dye laser must originate at such a time that upon its arrival at the photocathode, the sweep will position the resulting trace on the phosphor. This is performed by supplying an external trigger to the cavity dumper drive units from a coincidence between the drive to the Kr+ laser and a divided clock pulse. In this manner it is possible to investigate the characteristics of temporal "spreading" of the 12 psec laser pulse except for the lack of timing information on the streak tube.
Timing information was supplied by beam -splitting and delaying the optical pulse from the dye laser. With accurate knowledge of this time delay, two pulses will appear at the phosphor with the spacing between these pulses corresponding to the known time delay. With this timing information the width of each pulse can be related to time.
By appropriate "deconvolution" the contribution of the streak tube to the temporal resolution can be determined. As an estimate of this resolution we subtract, in quadrature, the known contributors to the observed pulse width from the observed pulse width. The fundamental contributions are: (1) (6t) streak ---response of streak tubes (2) (At) pulse ---finite width of laser pulse (3) (At) spot ---finite width of static image
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The cavity dumper for the dye laser needs to be synchronized in some way with readout system and the sweep for the streak tube. Each pulse from the dye laser must originate at such a time that upon its arrival at the photocathode, the sweep will position the resulting trace on the phosphor. This is performed by supplying an external trigger to the cavity dumper drive units from a coincidence between the drive to the Kr + laser and a divided clock pulse. In this manner it is possible to investigate the characteristics of temporal "spreading" of the 12 psec laser pulse except for the lack of timing information on the streak tube. Timing information was supplied by beam-splitting and delaying the optical pulse from the dye laser. With accurate knowledge of this time delay, two pulses will appear at the phosphor with the spacing between these pulses corresponding to the known time delay. With this timing information the width of each pulse can be related to time. By appropriate "deconvolution" the contribution of the streak tube to the temporal resolution can be determined. As an estimate of this resolution we subtract, in quadrature, the known contributors to the observed pulse width from the observed pulse width. The fundamental contributions are:
(1) (At) streak ---response of streak tubes (2) (At) pulse ---finite width of laser pulse (3) (At) spot ---finite width of static image Contribution (3) is a manifestation of the limit of the system to producing a finite extent image at the phosphor for an infinitesimal (spatial) input image. This width will translate to time, the two being related by the sweep speed used.
Figure 6 displays these two pulses separated in time by 2.7 nanoseconds. A series of such measurements are made in order to compile statistics on the experimental precision. The output of the spectra -physics dye laser pulses was periodically monitored using an auto -correlator in order to measure the width of the optical pulse. The resolution capability of this auto -correlator is 'l picosecond.
The probable limits of error for these pulse width measurements are calculated as approximately 2 picoseconds. Although it is believed that the accuracy and precision of these measurements is more than adequate it should be pointed out that care must be taken to isolate and understand causes of potential pulse widening. One example of this is the possible variation of the temporal scale as a function of position on the phosphor. This is not strictly a spatial resolution problem but a geometric distortion and has resulted in grossly varying temporal resolution measurements.
A second problem is the relationship between available optical pulses at a wavelength communsurate with the photocathode response. Optimally the source wavelength should be at or near the peak photocathode response so as to maximize signal to noise ratio of the measurement.
The extinction ratio is defined for a tube with an extraction grid. It is the ratio of measured intensity at the phosphor for the extraction grid biased on and then off. The measurement is made by using either an EG &G 550 radiometer or a photomultipher. The extraction grid is biased to a value which would prevent any photoelectrons from passing through the cathode to the phosphor. Due to the configuration a small but finite probability exists that some electrons will make it to the phosphor. This measurement is relatively routine and simply yielding a single number of this ratio.
Tube with internal CCD In the tubes described previously, the incident light from a slit or an array of optical fibers is converted by the photocathode into a ribbon of electrons within the tube.
This electron stream is then swept across the output phosphor, and converted to a rectangular visible light image. This is either lens or fiber optically coupled into an optical intensifier which can then output its light image onto film or a vidicon tube. These additional conversions of the output light again into electrons and back to light each add their own noise and distortions.
It is thus quite attractive to put a device sensitive to a few electrons into the original streak tube envelope before any intermediate conversions back into light.2,3 One of the benefits of this approach is the geometrical certainty of position. Each element is precisely located within the tube and thus the only possible geometric distortions arise from the electron optics within the streak tube itself. There are significant problem areas, however.
Penetration of the electrons into the appropriate charge gathering region without effecting the transfer mechanism is high on the list of potential problems. When the electrons impinge upon the shift registers and output amplifier of the CCD chip some damage is done. The noise will increase. A good match must also be made to the size of the pixel in the CCD to this smallest resolution element of the streak tube. Finally as there is inherent gain in the CCD chip, and a finite capacity to the transfer mechanism, saturation is a real problem at high light levels. We will descirbe a preliminary attempt at putting a Fairchild CCD imager into the output plane of a Hamamatsu streak tube.
The Fairchild CCD 221 device was prepared by the manufacturer without its surface protective overlayer of SiO. Hamamutsu Corporation of Japan mounted the device in place of a phosphor in a streak tube with about a 9mm diameter photocathode and no internal microchannel plate amplifier (Fig. 7) . Unfortunately the tube bake out process raised the temperature of the CCD above that of the manufacturer's recommendation and the latter was damaged.
Its noise level was raised significantly. However, it was still operable and allowed us to evaluate the system within the limitations of the chip.
It was possible to couple sufficient photons directly through the photocathode and the central anode aperture to directly characterize the chip with its response to light. Then the streak tube could be operated and such characteristics as dynamic range (less than one order of magnitude) and resolution (less than 5 1p /mm) were determined.
The measuring techniques for these characterizations -as well as for photocathode response, time response, and spot size were described above.
The accompanying plot (Fig. 8) displaying amplitude measured at the CCD output vs ND filters is for explaining the apparent degradation of dynamic range. The basic philosophy was to isolate the effect of the photocathode on the system response. A He, Ne laser was
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It is thus quite attractive to put a device sensitive to a few electrons into the original streak tube envelope before any intermediate conversions back into light. 2 ' 3 One of the benefits of this approach is the geometrical certainty of position. Each element is precisely located within the tube and thus the only possible geometric distortions arise from the electron optics within the streak tube itself. There are significant problem areas, however. Penetration of the electrons into the appropriate charge gathering region without effecting the transfer mechanism is high on the list of potential problems. When the electrons impinge upon the shift registers and output amplifier of the CCD chip some damage is done. The noise will increase. A good match must also be made to the size of the pixel in the CCD to this smallest resolution element of the streak tube. Finally as there is inherent gain in the CCD chip, and a finite capacity to the transfer mechanism, saturation is a real problem at high light levels. We will descirbe a preliminary attempt at putting a Fairchild CCD imager into the output plane of a Hamamatsu streak tube.
The Fairchild CCD 221 device was prepared by the manufacturer without its surface protective overlayer of SiO. Hamamutsu Corporation of Japan mounted the device in place of a phosphor in a streak tube with about a 9mm diameter photocathode and no internal microchannel plate amplifier (Fig. 7) . Unfortunately the tube bake out process raised the temperature of the CCD above that of the manufacturer's recommendation and the latter was damaged. Its noise level was raised significantly. However, it was still operable and allowed us to evaluate the system within the limitations of the chip.
It was possible to couple sufficient photons directly through the photocathode and the central anode aperture to directly characterize the chip with its response to light. Then the streak tube could be operated and such characteristics as dynamic range (less than one order of magnitude) and resolution (less than 5 Ip/mm) were determined. The measuring techniques for these characterizations -as well as for photocathode response, time response, and spot size were described above.
The accompanying plot (Fig. 8) displaying amplitude measured at the CCD output vs ND filters is for explaining the apparent degradation of dynamic range. The basic philosophy was to isolate the effect of the photocathode on the system response. A He, Ne laser was set up so as to pass through the anode aperture and activate the light sensitive CCD elements. The intensity was varied by calibrated neutral density filters. The camera output was digitized and analyzed on an RCI image processing system. The vertical axis on the plot are just the digitized levels. No absolute intensity (i.e. watts /cm2) is inferred by these numbers.
The laser beam was then offset from its original orientation and the photocathode biased (it was not in the previous test). The same sets of measurements were performed and recorded. This comparison indicates the dynamic range of the CCD itself is less than 100 and severely limits the overall system dynamic range.
The remaining plots (Figs. 9 and 10) show a monitor picture and an intensity profile output from the streak tube when illuminating the photocathode with a bar chart resolution target. The line spacings were determined by comparison with a known line spacing pair. The measurements were performed with the streak tube in a "static" (not swept mode) and indicate a 15% MTF for 1.9 1p/mm.
It is believed that these measurements are affected by the extremely poor signal to noise ratio, but nonetheless indicate the "as is" performance.
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The principle of placing a solid state imaging device within a tube is viable. The long term lifetime of the S-20 photocathode has not degrated from the presence of the imaging device. However in situ photocathode processing is apparently incompatible with the preservation of the CCD chip in its nominal state and further experiments in this mode await a remotely processed photocathode. 
